1. Individuals vary in their ability to disperse. Much of this variation can be described by covarying phenotypic traits that are related to dispersal (constituting the 'dispersal phenotype' or 'dispersal syndrome'), but the nature of the associations among these traits is not well understood. Unravelling the associations among traits that potentially constitute the dispersal phenotype provides a foundation for understanding evolutionary trade-offs due to variation in dispersal.
Introduction
The dispersal phenotype, or dispersal syndrome, is the specific expression of multiple phenotypic (physiological, morphological and behavioural) traits that facilitate efficient movement and effective dispersal (Ronce & Clobert 2012) . The genetic and demographic structure of a population is significantly affected by the patterns of covariation among traits constituting the dispersal phenotype (Ronce & Clobert 2012) , and by the variation in dispersal phenotypes among individuals (Bowler & Benton 2005 Shaw & Kokko 2014 ).
An animal's size is often related to a range of physiological and fitness-related traits, including metabolic rate (White & Kearney 2013) , predation success (Blanckenhorn 2000) , mate choice (Jennions & Petrie 1997) , fecundity (Honĕk 1993 ) and movement propensity (Stevens et al. 2014) . Across a range of taxa, body size correlates positively with movement and dispersal ability such that larger individuals have a stronger propensity to move, or move a greater distance (e.g. Anholt 1990 ; Benard & McCauley 2008; Sekar 2012; Stevens et al. 2012; Whitmee & Orme 2013) . Explanations for a positive correlation are often directed towards the larger size or enhanced development of locomotor appendages that facilitate movement (Phillips et al. 2006; Laparie et al. 2013; Stevens et al. 2014) . However, there are also examples where body size correlates negatively with dispersal (e.g. Hanski, Peltonen & Kaski 1991) , or intermediate-sized individuals move more (e.g. McDevitt et al. 2013) due to complex interactions between the phenotype, population structure and the environment. In invasive cane toads Rhinella marina, dispersive individuals at the edge of their range that had a stronger propensity to move had longer bodies and greater endurance (Llewelyn et al. 2010) , and relatively longer legs (Phillips et al. 2006) . Functional locomotor morphology, such as leg length, wing shape or supporting muscle architecture for limbs, tends to relate positively with different movement characteristics and also has consequences for energy expenditure (Roff & Fairbairn 1991; Choi, Shim & Ricklefs 2003; Ducatez et al. 2012; Lowe & McPeek 2012) .
Rates of energy expenditure under different contexts are a particularly well-studied area of animal physiology with considerable attention devoted to the inter-and intraspecific variation in metabolic rate (Glazier 2005; Burton et al. 2011; White & Kearney 2013) . Metabolic rate (MR), basally or at rest, is a proxy for maintenance energy expenditure and is strongly associated with temperature (Clarke & Fraser 2004) , body size (White 2011 ) and physical activity (Speakman & Selman 2003) . While there is certainly an association between resting MR and levels of voluntary activity, the mechanism and direction of this association is generally not well understood. These relationships can, however, be divided into two general models: performance and allocation (Careau et al. 2008 ). The performance model suggests that individuals with a higher MR at rest are able to attain and invest greater amounts of energy into activity [e.g. salmonids that have a higher standard MR are more aggressive (Cutts, Metcalfe & Taylor 1998) ]. Alternatively, the allocation model suggests that the total energy available for an individual is partitioned between resting MR and activity, such that individuals with a lower resting MR have more energy left to allocate to activity (e.g. mice forced to run more to receive a food reward reduced their resting MR (Vaanholt et al. 2007) ).
If the partitioning of energy into dispersal is a trade-off with energy available for other traits, then we expect that actively dispersing individuals would have a different phenotype to those that are less exploratory or active (Clobert et al. 2009 ). Even within a species, the morphology of locomotor structures can affect MR. For example, large wing morphs of sand field crickets Gryllus firmus have a higher MR than smaller wing morphs due to the higher cost of maintaining the larger flight muscle tissues (Crnokrak & Roff 2002 ). MR appears to be related with dispersal, such that individuals from invasion front populations generally have higher MR than individuals that are less effective at moving (Haag et al. 2005; Niitepõld et al. 2009; Myles-Gonzalez et al. 2015) .
Behaviours associated with dispersal are diverse and often challenging to measure. Proximate measurements that have been found to correlate with dispersal include distance travelled (Ducatez et al. 2012) , movement speed (Phillips et al. 2006; Delgado et al. 2010) , boldness and exploratory behaviours (Rehage & Sih 2004; Cote et al. 2010) , and measures of locomotor activity (Socha & Zemek 2003) . Intuitively, many movement traits will be fundamentally linked and therefore strongly associated (e.g. speed and distance travelled). As animal movement and ecology can be altered by behavioural patterns such as travelling along straight or tortuous paths (Brown, Phillips & Shine 2014) , or moving intermittently (Bazazi et al. 2012) , examining trait associations remains crucial to understanding drivers of movement. Simple measures of locomotor activity can, in some species, be broadly representative of complex movement behaviours. For example, spontaneous activity, the observable activity of an individual when not specifically externally stimulated (Ewing 1963) , is used as a proxy for exploratory behaviour in Drosophila species (Martin 2003) . The application of spontaneous activity as a simple movement metric in species other than Drosophila is rare. Hence, examining the associations between spontaneous activity and more complex measurements would be useful to identify whether a simple measurement may be a suitable alternative to more complex movement metrics.
In this study, we investigated dispersal phenotypes by examining the associations among body size, relative leg length, energy expenditure and movement behaviour in the red flour beetle Tribolium castaneum (Herbst 1797). This species and its close relative Tribolium confusum have long been used as models for laboratory-based microcosm and demographic studies of dispersal (e.g. Naylor 1961; Ziegler 1976; Zirkle, Dawson & Lavie 1988; Campbell & Hagstrum 2002; Łomnicki 2006; Melbourne & Hastings 2009 ); however, morphology, physiology and movement behaviour have not been studied concurrently with this study system. We aimed to test the following predictions. First, that the morphological and physiological traits (body size, leg length and metabolic rate) are all associated. Secondly, that body size is positively associated with movement, such that larger individuals move farther and faster. Thirdly, that leg length is positively associated with movement, such that individuals with longer legs relative to body size would have a greater capacity to move quickly and efficiently. Fourthly, that routine energy expenditure has an association with movement, supporting either the performance or the allocation model of energy expenditure. And finally, that spontaneous activity may be an appropriate proximal measurement for more complex movement traits.
Materials and methods

S T U D Y S P E C I E S A N D H O U S I N G
A laboratory population of T. castaneum (Fig. 1a) established from a wild-type line (QTC4) that was sourced from the Postharvest Grain Protection Team (Department of Agriculture, Fisheries and Forestry; Brisbane, QLD, Australia) was used throughout experiments. Stocks were maintained on 200 g of flour medium (95% wholemeal stoneground wheat flour: 5% torula yeast) in 1-L cylindrical containers under controlled conditions of 29Á5 AE 1°C and cultured fortnightly to separate cohorts and refresh the medium. Pupae were collected from the stock containers and sexed by examining the external genitalia (Halstead 1963) under an Olympus SZ61 stereomicroscope (Olympus Australia Pty. Ltd., Notting Hill, VIC, Australia). Groups of five pupae were separated by the date of eclosion and by sex and then placed in 70-mL containers with 5 g of flour that was replaced fortnightly. Age in this study ranged from 5 to 105 days post-eclosion, where age was known within AE12 h. At least 24 h prior to taking measurements, beetles were placed in empty 70-mL containers to fast before respirometry. A total of 290 individuals (n = 145 males and n = 145 females) were each measured once only for multiple traits in the following order: metabolic rate and spontaneous activity, movement behaviour, mass and morphometrics.
T R A I T M E A S U R E M E N T
All trait measurements were conducted as described in detail in Arnold, Cassey & White (2016a) . Briefly, four beetles were measured at once, where each individual was placed into one of four 2-mL chambers in-line with a flow-through respirometry system utilizing two LI-7000 CO 2 /H 2 O analysers (Li-COR Inc., Lincoln, NE, USA) to measure CO 2 production through respiration over a 1-h period. CO 2 production was used as a proxy for metabolic rate (Lighton 2008) , which, as measured in this study, was defined as routine metabolic rate (routine MR) due to the presence of spontaneous activity during measurement (Mathot & Dingemanse 2015) . Spontaneous activity was measured synchronously with routine MR by using an infrared activity detector (LAM10H; TriKinetics Inc., Waltham, MA, USA). For each discrete interruption of the infrared beam, a value of 1 was recorded, and the total number of counts over the measurement period was converted to counts h À1 .
Following spontaneous activity measurements, individuals were placed in a maze (Fig. 1b) , which represents a spatially complex environment with barriers to movement and multiple junctions. In an open arena, T. castaneum will actively move towards and remain along the arena edge (P. A. Arnold, pers. obs.), whereas in a maze, movement is typically more varied among individuals and multiple movement attributes can be easily measured. Movement through the maze was video recorded (1280 9 720 px; 10 frames s À1 ) for 3 min, and then, individual movement paths were digitized and tracked in MATLAB software (The MathWorks, Inc., Natick, MA, USA) using an extended Kalman filter (Hedrick 2008) . Minimum and maximum movement speed (calculated as the lower and upper 5th percentiles of speed during the trial), behavioural intermittence (as frequency of stops during the trial), path length (total length travelled during the trial), linear distance travelled (straight line distance between their positions at time 0 and time 180 s) and time to maze edge (reach the outer passageway) were calculated. Fresh mass (mg) was measured, and then, individuals were photographed dorsally and ventrally to measure elytron (modified hardened forewing; dorsal) length and width, pronotum (thorax; dorsal) length and width, and hind femur length using IMAGEJ software (v1.46r, National Institutes of Health, Bethesda, MD, USA).
S T A T I S T I C A L A N A L Y S E S
Data were tested for normality, homogeneity of variance and the presence of interactions. Spontaneous activity was centred and scaled around zero according to the Z-distribution for analyses. The morphometric measurements of elytron length and width, pronotum length and width, and mass were partially collinear; therefore, a principal components analysis (PCA) was conducted to distil these body size traits into a single trait (the 1st principal component, PC1, which explained 89Á4% of the variance among the five traits; PCA was conducted to condense path length, linear distance, minimum speed, maximum speed, behavioural intermittence and time to maze edge into two traits (Table 1) . PC1 explained 62Á3% of the total variance among the movement traits and was loaded most strongly by path length and both measures of speed (positively) and behavioural intermittence (negatively) and is therefore called 'movement ability' hereafter. PC2 explained a further 17Á7% of the variance among movement traits and was loaded most strongly by linear distance travelled (positively) and time to maze edge (negatively) and is therefore called 'movement displacement' hereafter. Leg length and routine MR are both presented as body-size-corrected residuals. Data analyses were conducted in the R software environment version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria), utilizing the linear mixed-effects model 'LME4' package v1.0.4 (Bates et al. 2014) , the multi-model interference 'MUMIN' 1.15.6 package (Barto n 2012). Linear mixed-effects regression (LMER) models were fitted, and then, models were simplified using conditional model averages based on Akaike weights of >0Á004 to subset the model and then removal of near-zero importance models by fitting a cumulative sum of Akaike weights to ≤0Á995. No interactions were significant after the model simplification process.
Results
A S S O C I A T I O N S
Body size is typically a strong predictor of MR, and here, we found that routine MR was significantly positively associated with body size ( Fig. 2a ; Z = 2Á17, P = 0Á03), but had no relationship with relative leg length ( Fig. 2b ; Z = 0Á68, P = 0Á496). Unsurprisingly, leg length was significantly positively associated with body size ( Fig. 2c ; Z = 5Á81, P < 0Á001) as larger individuals typically also had longer legs. Given the scaling of routine MR and leg length with body size, these traits were corrected for body size in further data presentation. Descriptive statistics for all traits are shown in Table 2 .
Body size was not positively associated with any measurement of movement, contrary to our prediction that larger individuals should be able to move farther and faster than smaller individuals. Body size was not a significant predictor of movement ability (Z = 1Á39, P = 0Á166; Fig. 3a) or movement displacement (Z = 0Á46, P = 0Á643; Fig. 3d ). However, there was a significant negative relationship between body size and spontaneous activity (Z = 2Á04, P = 0Á04; Fig. 3g ), where larger individuals were typically less active than smaller ones. 
R E L A T I V E L E G L E N G T H A N D M O V E M E N T
Leg length relative to body size was significantly associated with two measurement of movement. Residual leg length was positively related to movement ability (Z = 5Á97, P < 0Á001; Fig. 3b ), which is consistent with our prediction that individuals with longer legs relative to their body size would move farther and faster. However, residual leg length was also significantly negatively associated with movement displacement (Z = 2Á42, P = 0Á015; Fig. 3e) ; individuals with relatively longer legs ultimately moved less distance away from their starting position. Relative leg length was not significantly related to spontaneous activity (Z = 1Á13, P = 0Á257; Fig. 3h ).
R O U T I N E M R A N D M O V E M E N T
Routine MR corrected for body size was only significantly associated with one measurement of movement. Routine MR was not significantly related to movement ability (Z = 1Á18, P = 0Á236; Fig. 3c ), or to movement displacement (Z = 1Á95, P = 0Á051; Fig. 3f) ; however, this association was marginally significant and trends negatively. Routine MR was significantly positively related to spontaneous activity (Z = 4Á02, P < 0Á001; Fig. 3i ), which is unsurprising given that the two traits were measured concurrently, and that increased activity increases MR.
SPONTANEOUS ACTIVITY AS A PROXY FOR MOVEMENT
Spontaneous activity has been suggested to be a simple measure for complex movement behaviour. But here spontaneous activity did not relate significantly to movement ability (Z = 1Á55, P = 0Á120; Fig. 4a ) or movement displacement (Z = 0Á84, P = 0Á402; Fig. 4b ). Full tables of averaged LMER models with the movement traits as response variables, including covariates, are presented in Supporting Information (see Tables S1 and S2 , Supporting Information).
Discussion
The present study demonstrates that while the associations among physiological, morphological and behavioural traits associated with the dispersal phenotype may seem relatively intuitive, the strength, variance and even the direction of relationships may not be. Certainly, the well-established relationships of routine MR and leg length scaling with body size were significantly positively related as expected (Kleiber 1947; White & Kearney 2014) . However, contrary to some of our predictions, we found that only relative leg length, but not body size nor metabolic rate, related positively to movement ability. Larger individuals were predicted to have a greater movement ability and displacement; however, our findings do not support this hypothesis. A positive size-dispersal relationship has been found in some species (e.g. Anholt 1990; Stevens et al. 2012) , but in others, small-or intermediate-sized individuals may be the ones to disperse (Hanski, Peltonen & Kaski 1991; McDevitt et al. 2013) . The size-dispersal relationship frequently depends on the context and environment that triggers dispersal events (Benard & McCauley 2008) , and our results suggest that short ground-based movement may not strongly relate to within-species variation in body size. Large body size has potential to handicap movement in some species (Benton & Bowler 2012) , and smaller, less competitive individuals may disperse before larger individuals to reach and exploit 
resources earlier (Bowler & Benton 2005) . Larger individuals were less active in the metabolic chambers during routine MR measurement. If the animals can perceive that the metabolic chamber is an energy-limited environment, then larger individuals may opt to conserve energy by reducing activity, as the absolute cost of movement is greater for larger individuals relative to smaller ones (Halsey 2016) . Movement ability was the most representative measure of variance among all dispersal-related traits. Individuals that scored positively along the axis of movement ability had a high minimum and maximum speed, a greater path length, less behavioural intermittence and reached the maze edge quickly. Highly dispersive individuals have been suggested to share these movement characteristics, and this movement axis may be a suitable representation of dispersal. For example, dispersive cane toads from the edge of their range travelled farther and faster for longer periods without pausing compared to non-dispersive toads (Phillips et al. 2006; Alford et al. 2009; Llewelyn et al. 2010) .
We found that individuals with relatively longer legs had greater movement ability. This relationship could be explained mechanistically by longer legs allowing an increased stride length, in turn allowing the animal to move a greater distance with each step taken, therefore also achieving a greater speed (Zollikofer 1994) . A longterm study of stream salamanders Gyrinophilus porphyriticus found that individuals with long forelimbs relative to their hindlimbs dispersed greater distance, indicating that locomotor morphology has a major role in long-distance dispersal and fitness (Lowe & McPeek 2012) . Evolutionary mechanisms can select for individuals that have phenotypic traits that allow them to move farther, which may indicate the presence of a dispersal phenotype (e.g. Phillips et al. 2006; Laparie et al. 2013) . Whether selection for greater movement or dispersal increases the length of locomotor structures independent of body size can only be directly determined through experimental evolution. Our finding of the significant negative relationship between relative leg length and movement displacement may be a continued searching behaviour. That is, individuals with relatively longer legs have a greater path length and reach the maze edge quickly, but upon reaching the edge, these individuals may back-track and return towards the maze centre, reducing their overall displacement.
We predicted that routine MR would be associated with movement, supporting either the performance or allocation hypotheses. Routine MR was not significantly related to either movement ability or displacement, but was with spontaneous activity. This relationship is intuitive; the more an individual moves during measurement of its energy expenditure, the greater its energy expenditure will be (Mathot & Dingemanse 2015) and thus may not be representative of movement or dispersal. Under the performance model of energy expenditure, individuals with greater performance (movement, in the present case) should have a higher MR (Careau et al. 2008) . Under the allocation model, individuals with a higher resting MR have less energy remaining to allocate to activity (Careau et al. 2008) . The marginally significant negative relationship between movement displacement and routine MR suggests that individuals with a high routine MR travelled less distance overall. The data describing this relationship were highly variable, and the allocation model cannot be assessed directly in our study as both maintenance energy and activity are confounded in the measure of routine MR. Resting MR has been previously found to be higher in individuals with greater movement propensity (Niitepõld et al. 2009; Myles-Gonzalez et al. 2015) and a recent study found that genes underlying metabolic processes are upregulated in dispersive cane toads (Rollins, Richardson & Shine 2015) . Further investigations into the association between MR and movement are warranted, particularly given the potential involvement of genetic and epigenetic mechanisms (Rollins, Richardson & Shine 2015) .
Our data do not support either the performance model or the allocation model of energy expenditure and add to a collection of studies demonstrating that MR does not always correlate with components of performance or fitness (e.g. life span: Hulbert et al. 2004; growth and survival: Burton et al. 2011; reproductive . Under different environmental contexts, the relationship between MR and other traits or between MR at rest and during activity (i.e. maximum or flight MR) can change and must be cautiously interpreted (e.g. Burton et al. 2011; Killen et al. 2012 Killen et al. , 2013 Lebeau, Wesselingh & Van Dyck 2016; Metcalfe, Van Leeuwen & Killen 2016) . Variation in MR is maintained in most natural populations allowing for different strategies for growth, behaviours and reproduction in specific contexts (Burton et al. 2011) . Additionally, historical findings that established distinct paradigms of trait associations, including with MR, tend to be based on small sample sizes and therefore low statistical power, which may undermine identification of the true relationship (Button et al. 2013) .
Our final prediction considered that spontaneous activity may be a useful approximate measure of complex movement traits. Spontaneous locomotor activity is thought to represent the activity response of an animal when not specifically stimulated (Ewing 1963) and is the basis of many complex behaviours (Martin 2003) . In the present study, neither movement ability nor displacement had any discernible association with spontaneous activity, and the relationship between morphological and physiological traits and movement was not similar to those observed with spontaneous activity. Therefore, at least for T. castaneum, spontaneous activity was not a useful proximate trait for complex movement traits. Our results demonstrate that associations among traits are not always intuitive, and do not always conform to expectations from literature paradigms. We found that much of the variance among different movement traits can be described along a dominant axis of variation, movement ability. We have shown that movement ability (which potentially represents dispersal) is more strongly linked with locomotor morphology than body size or MR. These findings support the hypotheses that locomotor morphology could be a strong driver distributing individuals through a landscape by spatial sorting or natural selection, thereby accelerating rates of range expansion in invasive species (Shine, Brown & Phillips 2011) . The movement ability axis and the significant trait associations identified here can be used as a foundation for studying variation in movement and dispersal, and T. castaneum represents an ideal opportunity to test this hypothesis using experimental evolution in a laboratory setting.
